This paper presents the simulation work on kinetic study for the transesterification reaction between palm oil-based methyl ester with trimethylolpropane to produce biodegradable lubricant base oil. The reaction mechanism involves three stepwise reversible series-parallel elementary reactions. New kinetic modeling approach is needed in this field due to the limitation of the earlier kinetic models developed for this reaction. The earlier kinetic study made use of many assumptions in order to simplify the solutions. In this work, new rate equations were derived from the actual reaction mechanism, and MATLAB was used to obtain the simultaneous solutions of the rate equations. The results obtained were compared with the experimental data used in the earlier study. The new simulation approach was found to describe the experimental values satisfactorily.
Introduction
Vegetable oils such as canola or rapeseed, sunflower, soybean and palm oil are potential renewable resources for biodegradable lubricants to replace the conventional mineral oil-based lubricants due to the rising consumers' awareness about the environment and new legislations introduced by several countries (Cecutti and Agius, 2008; Joseph et al., 2007; McCarthy et al., 2008; Schneider, 2006; Yunus, 2003) . These vegetable oil-based lubricants were reported to have better lubrication properties than petroleum-based lubricants. However, they have some inherent performance limitations as lubricants such as poor oxidative stability, sensitivity to hydrolysis and low temperature fluidity (Wilson, 1998) . These limitations could be overcome by using structural chemical modification as reported elsewhere (Erhan et al., 2008; Joseph et al., 2007; Kempermann and Murrenhoff, 1998; Yunus et al., 2003) .
Since palm oil methyl ester (POME) plays an increasing important role as one of the starting materials in the oleochemical industry in Malaysia, it has been selected as the raw material in the synthesis of polyol esters as lubricant base stock. Trimethylolpropane is the polyol selected due to its branched structure that provides high thermal stability (Wilson, 1998) . As a fundamental element in the commercial or pilot scale-up of the processing plan, an attempt to simulate the kinetic models using analytical solution has already been established (Yunus et al., 2004) to predict the yield of product as a function of the operating variables. Nevertheless, the models are only valid within the initial part of the process and not when the system is approaching equilibrium. In this approach, the assumptions of irreversible reactions for all reactions involved were used to simplify the rate equations and the solutions. However, to satisfy the assumption of irreversible reactions, high excess of raw material is needed and the side product must be continuously withdrawn from the system. Thus, the earlier kinetic models have inherent limitations and new solutions are needed.
It is more convenient to simulate the reaction rates for complex reaction system by using a computer program with suitable numerical procedure to reduce time for the development of kinetic model (Brule et al., 2009; Levenspiel, 1999; Noureddini, 1998) . A successful simulator for the kinetic models is essential to ensure high productivity and optimum cost. Several software tools could be useful to simulate the reaction kinetics (Hinsberg and Houle, 2009; The Mathworks Inc., 1999; Watts and Shampine, 2009 ). The attention was focused to MATLAB due to its strong presence in the simulation field and its user-friendly factors. The emphasis of this work is on the utilization of MATLAB as the mathematical simulator to determine the concentration-time profiles for various species involved in the transesterification reactions of POME with TMP in a batch reactor. The simulation results were then compared with some of the experimental data values obtained by Yunus (2003) .
Methods

Kinetic modeling
Reaction kinetics
In order to obtain appropriate kinetic models for simulator implementation, the kinetics of transesterification reaction of POME with TMP were developed distinctively. The reaction involves three distinct steps of elementary reversible series-parallel reaction mechanism (Yunus et al., 2004) since there are three hydroxyl groups in TMP to be substituted with an ester group that is cleaved from POME. The reaction yields methanol (M) as a by-product as well as other intermediate products such as TMP monoesters (ME) and diesters (DE) . The main product is TMP triesters (TE). The kinetic mechanism of the reaction to produce TMP esters is described as follows:
TMP + POME ME + M (1) ME + POME DE + M
DE + POME TE + M
The overall reaction is given by:
We assume that the density of each component is constant. From the above mechanism, the decomposition of TMP to form ME with second order kinetics is expressed in terms of molar concentration as follows:
The previous experimental work used excess POME and continuous removal of methanol via vacuum (Yunus et al., 2004) . When that assumptions were also applied to this kinetic model, the term k 1 C TMP C POME is very much larger than the Product and Process Modeling, Vol. 5 [2010] , Iss. 1, Art. 13 DOI: 10.2202 /1934 -2659 .1458 one k 1 ' C ME C M , i.e. k 1 C TMP C POME >> k 1 ' C ME C M , so that k 1 ' C ME C M is neglected. Hence, the rate of formation of TMP is given by:
If we assume that the remaining two steps of the reaction mechanism are reversible and follow the second order kinetics, the rates of formation of ME, DE, TE, POME and methanol can be represented by the following equations:
The molar concentration of species i, C i is given by:
where ρ T is density of the mixture, n i is mole of component i and M T is the total mass of the mixture.
Weight fraction-based kinetics
It is essential to transform the rate equations into the weight fraction model since the composition of each component involved was measured in terms of mass ratio of a species i.e., X i that is expressed by:
We redefined the rate equations by substituting equation 12 into equations 6 to 11. Based on equation 13, the rate of formation for TMP was derived in terms of weight fraction by multiplying with T MW TMP ρ to yield:
The same approach was used to transform the remaining rate equations in terms of weight fraction for ME, DE, POME and methanol. The resulting rate equations are as follows:
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Equations 14 to 19 were used in the programming coding in MATLAB. Table 1 and 2 show the numerical values needed in order to simulate the kinetic models. Initial value of reaction rate constants of transesterification between POME and TMP at 100°C
*Any values can be inserted as the input condition to simulate the kinetic model
Implementation of the kinetics models in MATLAB
As mentioned in the introduction, the kinetic models derived using analytical solution that relied heavily on process assumptions such an irreversible process for all reactions are only valid at the early part of the reactions but not applicable when the system is approaching equilibrium (Yunus, 2003; Yunus et al., 2004) . Hence, we implemented numerical procedure via MATLAB for the integration of the resulting differential equations from Section 2.2.
Ordinary differential equation (ODE) solver in MATLAB
There are several numbers of built-in ODE functions in MATLAB for solving numerically the ordinary differential equations (The Mathworks Inc., 1999). In our modeling, we selected ODE solver function named ode45 which implement nonstiff solutions of Runge-Kutta 4, 5 order method. The resulting kinetic equations in terms of weight fraction (equations 14-19) were implemented as the references in MATLAB by declaring the function namely wtfrackinetic:
function dXdt=wtfrackinetic(t,X) %X(1)=xTMP, X(2)=xME, X(3)=xDE, X(4)=xTE, X(5)=xPOME, X(6)=xMethanol %mw1=mwTMP, mw2=mwME, mw3=mwDE, mw4=mwTE, mw5=mwPOME, mw6=mwMethanol %rho=density of the mixture #Declaration of reaction rate constants, density of mixture and each molecular weight global k1 k2 k2r k3 k3r rho mw1 mw2 mw3 mw4 mw5 mw6
6
Chemical Product and Process Modeling, Vol. 5 [2010 ], Iss. 1, Art. 13 DOI: 10.2202 /1934 -2659 .1458 #Ordinary differential equations for rates of transesterification reaction dXdt=[-k1*X(1)*X(5)*rho/mw5;k1*X(1)*X(5)*mw2*rho/mw1/mw5-k2*X(2)*X(5)*rho/mw5+k2r*X(3)*X(6)*rho*mw2/mw6/mw3;k2*X(2)*X (5)*rho*mw3/mw2/mw5-k3*X(3)*X(5)*rho/mw5+k3r*X(4)*X(6)*rho*mw3/mw4/mw6-k2r*X(3)*X(6)*rho/mw6;k3*X(3)*X(5)*rho*mw4/mw3/mw5-k3r*X(4)*X(6)*rho/mw6;-k1*X(1)*X(5)*rho/mw1-k2*X(2)*X(5)*rho/mw2-k3*X(3)*X(5)*rho/mw3+k3r*X(4)*X(6)*rho*mw5/mw4/mw6+k2r*X(3)* X(6)*rho*mw5/mw3/mw6;k1*X(1)*X(5)*rho*mw6/mw1/mw5+k2*X(2)*X( 5)*rho*mw6/mw2/mw5+k3*X(3)*X(5)*rho*mw6/mw3/mw5-k3r*X(4)*X(6)*rho/mw4-k2r*X(3)*X(6)*rho/mw3]; X TMP , X ME , X DE , X TE , X POME and X M must be defined within the same matrix, and so by calling X TMP as X(1) X ME as X(2), X DE as X(3), X TE as X(4), X POME as X (5) and X M as X(6), they are listed as common matrix to matrix X. The parameters of the simulation including the initial conditions, the simulation time (we took the reaction period time as the simulation time), the values of rate constants and molecular weights were fixed and stored outside the function in global form, since the cost of the numerical integration depends critically on the expense of evaluating the ODE function (Brule et al., 2009 ). This function was sent to the solver selected (ode45) which was then be simulated and solved to determine the components concentration. The code that represents this operation is:
[t,X]=ode45('wtfrackinetic',tspan,X0);
Statistical analysis
An analysis of variance (ANOVA) was performed for the statistical analysis of the experimental data by using PHStat add-in for Microsoft Excel. It was done to estimate whether there is a significant influence of temperature on kinetic parameters by setting a confidence level of 95% (p-value <0.05). The fit quality of the model was evaluated using the similar statistical tests as used by Vega-Gálvez et al. 
Results and discussion
As the paper is only emphasized on the simulation practice via MATLAB for kinetics of transesterification between POME and TMP, only some of appropriate experimental data values were taken from Yunus (2003) and compared with the simulated product distribution values to confirm the suitability of the simulation kinetic models. We chose the data of synthesis of POME with TMP in vacuum condition with molar ratio of POME to TMP 10:1 and 0.9 wt% sodium methoxide catalyst based on the total mass at a molar ratio of 3.9:1, the maximum weight fraction of DE occurred after one minute (Yunus, 2003) . This comparison will be discussed in Section 3.2. In Section 3.1 the discussion will focus on how the estimation of rate constants via MATLAB affects the distribution curves. The influences of temperature on the rate constants determined by means of ANOVA and statistical analysis of the proposed kinetic model will be discussed in Section 3.3 and 3.4.
Rate constants
In this study, the approach was to develop a full set of transesterification kinetics (as indicated in equations 14 to 19) that were used in a function file created via MATLAB to simulate the product distribution curves at 70-110°C reaction temperatures. The determination of rate constants for the second and third steps of reaction mechanism was done by considering the location of maxima points of the intermediate products, ME and DE. Based on the assumption of an irreversible reaction for the first step of the mechanism, Figure 1 shows the distribution curves of TMP at 100°C using several values of rate constant k 1 that is closely fitted to the experimental data.
Larger value of k 1 would give better estimation of TMP and lower value of SSE but the SSE values for the second and third step of the transesterification 8 Chemical Product and Process Modeling, Vol. 5 [2010] , Iss. 1, Art. 13 DOI: 10.2202 /1934 -2659 .1458 reaction increase when k 1 was equal or larger than 0.97. Hence, the optimum value of k 1 is 0.96 ± 0.005 at this temperature where similar outcome at other temperatures was also observed (see Table 3 ). It is observed that the limiting reactant TMP has reached zero concentration meaning that it was completely reacted after 3 minutes. This indicates that the formation of ME from TMP was very fast, and the reverse reaction of the first step shown in equation 1 was suppressed, which supports our hypothesis that the first step of the transesterification mechanism is an irreversible reaction.
Figure 1: Effects of k 1 on simulated TMP during the transesterification between palm oil methyl esters (POME) with trimethylolpropane (TMP) at 100°C. The effect of rate constants k 2 and k 2 ' on ME was also examined by the assumption of reversible reaction step as discussed earlier. The distribution curves of ME at 100°C and 110°C is shown in Figure 2 . The weight fraction of ME is zero after approximately 10 minutes of reaction at 100°C, which implies that the formation of ME from DE was suppressed at this temperature. This result suggests the optimum range value of k 2 of 0.73742-0.73942 where the ratio of k 2 /k 1 would be between 0.7692 to 0.7702. The optimum rate constant k 2 ' is zero at 70 to 100°C except for 110°C where the optimum value of k 2 ' is 0.01873 ± 0.0005. Thus, the assumption of reversible reaction for the second step of the transesterification should be used at temperatures above or equal 110°C whereas the irreversible assumption could only be used for temperature 100°C and below. Table 3 shows the average rate constants determined by trial and error calculations via MATLAB. The effects of rate constants k 3 and k 3 ' were also studied in this paper. For the case of reversible reaction, the rate constants for the third step of transesterification mechanism from equation 2 are the function of the forward reaction rate constants k 1 and k 2 and also the reverse rate constant k 2 '. By using similar approach mentioned earlier, the effects of k 3 and k 3 ' are depicted in Figure  3 at reaction temperature of 100°C after optimum fitting with the maximum points of experimental DE. The optimal values of rate constants k 3 and k 3 ' at 100°C were determined to be 0.24687 and 0.07758 with the level of uncertainty of 0.00005 and 0.0001 respectively. An excellent estimation of DE distribution was achieved when the reversible reaction assumption was used rather than the use of irreversible reaction in the earlier study (Yunus et al., 2004) . During the reaction period, the rate of DE formation from ME was higher than the rate of DE decomposition to TE (k 2 > k 3 ), which contributed to the accumulation of DE. The occurrence of the DE formation reversely from TE (indicated by nonzero value of k 3 ') was also being a factor to the more DE existence in the system. As shown by Yunus et al. (2004) , the equal rate of forward reaction and reverse reaction would stabilize the concentration of DE when the third step of transesterification reaction finally reached equilibrium. Figure 4 shows the comparison between simulation values of products ME, DE and TE with the experimental data taken from Yunus (2003) at 100°C respectively. It is observed that the weight fractions of experimental DE and TE between 3 to 7 minutes did not match exactly with the simulated curves. This may be due to the fluctuation of temperature which took place during the reaction. Nevertheless, the simulated distributions of ME, DE and TE in general provide good agreement with the experimental data points.
Comparison with experimental data
Figure 4: Product distribution curves for the transesterification of POME with TMP. The experimental data are presented by the symbols, whereas the solid lines are simulated curves based on equations 14 -19. Molar ratio of POME /TMP was 10:1; 0.9 wt% sodium methoxide catalyst. See Figure 1 for abbreviations.
Influence of temperature on kinetic parameters
From the ANOVA test performed to the experimental data and to all parameters used in the kinetic model, p-value <0.05 was obtained. This implies that there is a significant effect of temperature of the transesterification medium on these kinetic parameters and thus, the Arrhenius equation log 10 k = (-E a /2.303R/T + C) could be applied. The data at 110°C were not included since the Arrhenius relationship in this case is only valid for temperatures below 100°C. As tabulated in Table 4 , the activation energies for k 1 , k 2 and k 3 in palm oil TMP ester synthesis are similar to those obtained in Yunus (2003) , such as 33.9 kcal/mol for k 1 , 33.3 kcal/mol for k 2 and 33.6 kcal/mol for k 3 . Linear regression analysis of the relationship gave determination coefficients of 0.982, 0.961 and 0.9328 for k 1 , k 2 and k 3 , respectively. The activation energy for k 3 ' was higher compared to others (52.2 kcal/mol), which implies that the reverse reaction of TE to DE is more sensitive to temperature than the forward reaction. This might not be reliable since only 87.79% of the variation in temperature can be explained by the variability in k 3 ' value. For k 2 ', the relationship was not applicable because of the zero values obtained as presented in Table 3 . Figure 5 shows the mean values of SSE, RMSE and χ² determined at five different temperatures. In general, the products distribution model proposed was fitted to the experimental data with values of SSE, RMSE and χ² close to zero. Hence, based on the results illustrated in Figure 5 , the proposed model obtained best fit quality at reaction temperature at 100°C (SSE = 1.90 × 10 -5 ; RMSE = 2.81 × 10 -3 ; χ² = 1.24 × 10 -4 ), followed by temperature at 110°C (SSE = 1.24 × 10 -4 ; RMSE = 8.33 × 10 -3 ; χ² = 6.21 ×10 -4 ) and temperature at 80°C (SSE = 4.87 × 10 -4 ; RMSE = 0.0171; χ² = 5.84 × 10 -3 ). The model that gave lower fit quality among the selected temperatures were at 70°C (SSE = 5.45 × 10 -4 ; RMSE = 0.0195; χ² = 6.53 × 10 -3 ) and 90°C (SSE = 5.35 × 10 -4 ; RMSE = 0.0184; χ² = 6.42 × 10 -3 ), respectively. This implies that the temperature that is equal or more than 100°C encountered fewer errors. The other evidence that supports the proposed model is the coefficients of determination of the Arrhenius relationship for k 1 , k 2 and k 3 that were considerably high, as discussed in earlier section. Statistical analysis of the kinetic model at five temperatures. Sum of squares error (SSE), root mean square error (RMSE) and Chi-square (χ²).
Statistical analysis of the model
Conclusion
The kinetics of transesterification of POME with TMP was once modeled by analytical solution that relied heavily on the assumption of irreversible reaction. Due to the lack of accuracy for prediction of intermediate product distribution which is DE at its final equilibrium, the simulation of the reaction kinetics was done and compared with the experimental data values taken from Yunus (2003) .
An excellent fit of the curve lines to the experimental data points indicate that the proposed simulated model was valid at all stages of reaction. Moreover, the advantage of this approach is its simplicity in developing kinetic models without the need of an analytical transformation of rate equations and thus could be used to describe adequately the product distribution of palm oil TMP esters during the synthesis. The utilization of MATLAB was appropriate since it is a powerful tool to solve complicated equations from the kinetics study of complex reactions.
